There are many notable differences in physical and skill attributes between competition levels, especially in team sports. Stiffness is an important mechanical factor to measure when considering athletic performance and injury incidence. Active vertical stiffness (K vert ) during hopping and passive stiffness during lying and standing were measured during the preseason period for 46 female netballers (24.0 ± 3.7 years, 72.2 ± 7.6 kg, 175.2 ± 6.7 cm). Participants were classified as elite, sub-elite, representative or recreational based on their current level of competition. A one-way ANOVA revealed that elite players possessed significantly higher K vert than recreational players (p = 0.018). Large effect sizes (ES) suggested that elite players also possessed higher K vert than sub-elite (d = 1.11) and representative (d = 1.11) players. A number of large and moderate ES were also present when comparing the passive stiffness of elite players to their lower ranked counterparts. The results of this study suggest that elite players possess higher levels of active stiffness when compared to their lower ranked counterparts. The differences in stiffness levels may contribute to a player's ability to physically perform at an elite level, and also provide one explanation into elevated rates of injury at higher levels of competition.
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INTRODUCTION
In competitive sports, there are distinct differences in physical and skill attributes between various competition levels. Recently, there have been a number of studies exploring the differences between relevant performance characteristics of players from different levels of competition within various sports. These include reports of athletes competing at higher levels of competition displaying significantly greater upper-(1) and lower-body strength (1, 16) , rate of force development (16) , jump performance (16) , speed (16) and sport-specific skill performance (14, 22) than their lower-ranked counterparts. Each of the aforementioned physical indicators require the effective use of the stretch-shorten cycle (SSC) therefore, this is an important variable to assess when considering athlete selection and physical development.
Stiffness is an important mechanical property of the musculotendinous unit when considering the storage and release of elastic energy in SSC activities. In terms of athletic ability, relatively high levels of stiffness have been related to superior performance of a number of key performance indicators in team sport athletes, including speed (3, 34) , acceleration (18) , running economy (7, 35) , rate of force development (39) , vertical jump performance (29, 36) and strength (39) . The execution of these key performance indicators relies on the effective implementation of relatively fast SSC movements. Since athletes competing at higher levels of competition have demonstrated greater performances in many of these abilities that have also been related to relatively high levels of stiffness, it can be postulated that higher calibre players would possess relatively higher levels of stiffness than lower calibre players. This
concept is yet to be assessed in the scientific literature.
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Copyright Ó Lippincott Williams & Wilkins. All rights reserved. 4 It is important to compare the stiffness characteristics of various playing levels, as stiffness is not only related to performance of critical physical attributes, but is also related to injury incidence. Relatively high levels of stiffness have been associated with bony, overuse-type injuries (17, 38) , and soft-tissue injuries in the lower body (8, 37) . In addition, relatively high levels of bilateral asymmetry in stiffness have previously been linked to injury risk (31, 37) . Two primary concerns of athletes, coaches and team management are optimal performance and minimisation of injury and since stiffness is potentially related to both, it is an important muscle property to investigate in a variety of sports. Further, stiffness is a neuromuscular variable that is reportedly modifiable with appropriate training (25, 35) .
Netball is a popular court sport in the Commonwealth countries, in particular with females.
Typical game movements include short sprints, agility movements, jumping and bounding (23) , each of which involve the effective storage and release of elastic energy, and are therefore modulated, in part, by levels of stiffness. Due to the high impacts associated with repeated jumping, landing and stop-start movements, the rate of injury incidence in netball is relatively high (12, 30) . Netball injuries predominantly occur in the lower limbs and are most commonly soft-tissue injuries (30, 33) . Of particular concern is the high incidence of severe lower body soft tissue injuries such as anterior cruciate ligament rupture and Achilles tendon injury (13) , as these injuries often require surgical intervention and lengthy recovery periods.
Previous reports have identified a positive relationship between stiffness and superior performance of relatively fast SSC activities. Since netball typically involves dynamic SSC movements, it is plausible to hypothesise that athletes participating at higher levels of netball competition would possess higher stiffness of the lower body than those competing at lower levels. Further, there is evidence to suggest that a greater number of netball injuries occur at
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The aim of the current study was to examine for any differences in lower body stiffness between athletes participating at various levels of netball competition. It was hypothesised that elite players would have higher lower body stiffness than lower ranked players.
METHODS
Experimental Approach to the Problem
Understanding the stiffness characteristics of players competing at different levels of competition in netball is necessary to indicate the consequences of an increase in training load and match demands. Since injuries occur more often at higher levels of competition, highlighting the difference in stiffness levels may provide some insight into this incidence. In a cross-sectional study, stiffness measurements were collected from all participants immediately prior to the commencement of their respective competitive seasons. Vertical stiffness (K vert ) was measured to assess stiffness of the lower body during active motion, whilst the passive stiffness of various lower leg sites was collected in two positions using myometry. By measuring both dynamic and passive stiffness, this study provided a holistic and robust analysis of the viscoelastic muscle properties which have previously been related to function and injury risk.
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Subjects
Forty-six female netballers ([mean ± SD] age 24.0 ± 3.7 years, body mass 72.2 ± 7.6 kg, height 175.2 ± 6.7 cm) volunteered to participate in the study. Participants were injury-free at the time of testing, and had not sustained a lower body injury during the three months prior to testing. Participants were allocated to groups according to the level of competition at which they were currently competing; elite (n=9), sub-elite (n=17), representative (n=11), and recreational (n=8). As part of their scheduled programs, the elite group completed up to ten hours of conditioning and on-court training per week. Sub-elite and representative athletes completed up to two hours of team training per week, whilst the recreational group did not participate in any formal training. The study was conducted with ethics approval from the Human Research Ethics Committee of the University of Technology Sydney, and had no external financial support. Participants gave their written informed consent prior to the commencement of the study.
Procedures
To assess K vert , participants were required to hop unilaterally on a one-dimensional force platform (Onsport, Wollongong, NSW) in time to a digital metronome (Seiko Tokyo, Japan) set at 2.2 Hz (9, 10, 27). To prevent any contribution from the upper body, participants kept their hands on their hips, and the test was performed barefoot to eliminate any cushioning effect from footwear. Verbal feedback was given to ensure steady-state hopping occurred.
Once this was achieved, 10 seconds of force data was collected at 1000 Hz. If trials fell outside ±2% of the prescribed frequency, they were repeated after one minute of rest. Each participant completed this protocol once on both their right and left leg. K vert was calculated as the ratio of peak ground reaction force to the maximum centre of mass displacement at the middle of the ground contact phase (11, 27) . Similar methodology has reports of excellent
All rights reserved. 7 reliability (27) . For each data file, the mean stiffness of three consecutive hops was divided by body mass to produce a score relative to individual size. The average of right and left stiffness scores was calculated to determine bilateral mean K vert for each participant. Stiffness asymmetry for K vert was recorded as a percentage of the value from the leg with the lower stiffness score.
Myometry was utilised to assess the passive stiffness of four sites of the lower body (lateral gastrocnemius (LG), medial gastrocnemius (MG), soleus (SOL), Achilles aponeurosis (ACH)) in two positions (lying and standing). The participants lay prone on an assessment table with feet hanging off the table at an angle of 90° and stood in anatomical position.
Participants were required to be barefoot with their lower leg exposed. To maintain consistency of measurement between participants and positions, assessment points were drawn on the skin with a marker. Measurements were taken using the latest model of a handheld myometer, the Myoton-Pro (Myoton AS, Tallinn, Estonia) which was positioned immediately above the skin overlaying the assessment site. A mechanical probe then delivered an impact (duration: 15 ms; force: 0.3-0.4 N) causing the tissue to briefly deform.
An in-built accelerometer, sampling at 3200 Hz (5) then measured the damped natural oscillations (2) that occurred. Stiffness was calculated as the ratio of force applied and the muscle deformation (5) . Use of the Myoton-Pro has shown high levels of reliability (28) , and there have been reports of good construct validity for an earlier model of a myometer (40).
Three consecutive measurements were taken at each site in each position, giving a mean stiffness score. For each site and position, the average of right and left legs was taken to form a bilateral mean stiffness score, which was used for further analysis. As with K vert , stiffness asymmetry was calculated for myometry at each site and position.
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Statistical Analyses
Statistical analyses were performed to compare the stiffness and asymmetry of the four playing levels for K vert as well as myometry for each site and position using SPSS Statistics version 21 (IBM, USA). Levene's test determined whether homogeneity of variance existed for each set of data, and normality was tested with the Shapiro-Wilk test. The data for all variables was normally distributed and achieved homogeneity of variance. A one-way ANOVA with Tukey's post-hoc analysis was performed to determine whether there were any significant differences in stiffness between the four playing levels. In order to calculate the magnitude of difference between the groups, measures of effect size (ES) were assessed using Table 1 depicts the participants' characteristics at each playing level. There were no significant differences between playing levels, with the exception of height between elite and recreational players (p = 0.019).
RESULTS
K vert scores were significantly higher in elite players when compared to recreational players (Table 2 ; p = 0.018). Further, whilst not achieving statistical significance, there was a large
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There were no significant differences between groups when comparing the passive stiffness scores measured by myometry under all conditions ( Table 2 ). In the lying position, passive stiffness comparisons between the elite and recreational groups produced a large ES for MG Table 2 .
When comparing the stiffness asymmetry between groups for K vert and myometry, some differences were present (Table 3) . When considering the stiffness of the MG in the lying position, recreational athletes had significantly greater levels of asymmetry than sub-elite (p = 0.024) and representative athletes (p = 0.028). Various differences with large and moderate effect sizes were also present and are displayed in Table 3 .
DISCUSSION
The current study measured the active and passive stiffness of 46 netballers competing at various levels of competition. To the best of the authors' knowledge, this is the first study to compare stiffness differences between athletes participating at four distinct playing levels in any sport. Therefore, the results of this study will provide pertinent information to athletes, coaches and medical staff.
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Copyright Ó Lippincott Williams & Wilkins. All rights reserved. 10 Age-related differences in stiffness (15, 26) and other mechanical properties of muscles (6, 15, 24) have been widely documented in the literature. If differences in age were present in the current study, results may have been skewed , however, since the results revealed no significant differences in age between each group, they accurately reflect the differences in stiffness between playing level rather than between age groups. Interestingly, there was a significant difference between the height of the elite players and the recreational players. This is not surprising, since players with a taller stature are often targeted for development in netball. Nevertheless, due to the methods of assessing stiffness in the current study, height is not a confounding factor in the interpretation of stiffness results.
The results demonstrated that the netballers participating at an elite level possessed significantly higher K vert during dynamic hopping when compared to their recreational counterparts. Further, there was a large ES when comparing the K vert of the elite group to the sub-elite and representative groups. These results are in congruence with the hypothesis and have numerous implications for athlete monitoring and training management. When considering stiffness asymmetry for all variables, no overall trends were noticeable when comparing the levels of competition. Although two significant relationships and a number of moderate to large ES were present, these did not present consistent outcomes, thus implying that asymmetry is not a factor to consider when discriminating between playing levels.
Previous studies have reported that athletes participating at higher levels of competition possess greater strength, rate of force development, speed and jump performance (16) . These performance indicators have also been related to elevated levels of stiffness (3, 4, 27, 31, 34, 37) and provide an explanation for the significant difference in active stiffness between elite players and lower calibre players presented in the current study. Given the established relationship between stiffness and performance of dynamic tasks, the results of the current
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It is also plausible that elite athletes displayed relatively high levels of stiffness due to their greater weekly training demands. Strength training interventions have been reported to increase stiffness over a period of time (35) . With the significant difference in K vert evident between the elite and recreational groups, it must be noted that these two groups also possess the greatest difference in weekly training demands. Specifically, the recreational group completed no formal training, which is in distinct contrast to the elite group who participated in up to ten hours of training each week. This training consists of a variety of on-court running and agility drills along with several strength sessions. The sub-elite and representative groups also participated in regular formal training, albeit considerably less than the elite group. Accordingly, differences in K vert between these groups and the elite group, as demonstrated by the very large ES, may also be attributed to lower weekly training loads.
Interestingly, the analysis revealed no significant differences between any groups when considering the passive stiffness measured by myometry ( Table 2 ). Whilst no significant differences were found, the elite group recorded the highest stiffness in seven of the eight conditions for testing passive stiffness with myometry. Although not statistically significant, the presence of a number of differences with moderate to large ES, when comparing the elite group to lower ranked groups, supports the hypothesis of the current study as well as the active stiffness results.
The results of this study suggest that stiffness differences between athletes of different playing levels are more evident during dynamic assessment than when tested under passive
Copyright Ó Lippincott Williams & Wilkins. All rights reserved. 12 conditions. This becomes pertinent when considering the application of these results, as the conditions for assessing K vert more closely represent movements performed in a netball game than the passive conditions used for myometry. Netball primarily involves dynamic movements such as running, jumping and striding, and hopping is a simple bouncing gait (19) that closely represents the demands of high levels sports (32) . Thus, the active stiffness levels measured during hopping, as opposed to passive stiffness measurements or asymmetry indexes, may be more indicative of the stress placed on the athlete that could potentially lead to injury, and the athlete's ability to produce power in terms of performance variables.
Therefore, if coaches and conditioning staff wish to monitor the stiffness of their athletes, they may wish only to assess stiffness during active motion, as this appears to be most relevant to training and game situations. Since the current study has identified a relationship between higher playing level and greater stiffness, it is important that athletes, coaches conditioning staff are informed of the optimal level of stiffness to enhance performance whilst minimising the risk of injury. Further research into the stiffness-injury relationship is required to define an optimal stiffness zone.
PRACTICAL APPLICATIONS
The results from the current study suggest that elite netballers possess significantly higher lower body stiffness during active motion, and a tendency for higher lower body stiffness under passive conditions. Since injury rates amongst netballers are greater in higher levels of competition, the difference in stiffness levels may provide one explanation into this occurrence. Stiffness testing is relatively simple to administer in a time-efficient manner, and could be used as a tool to monitor injury risk and physical performance in netballers and other court sport athletes. Height (cm) 179.8 ± 5.2 a 176.0 ± 6.7 173.7 ± 6.5 170.5 ± 5.5
Mass (kg) 73.8 ± 5.9 72.9 ± 9.1 73.0 ± 5.0 67.8 ± 8.6 a significantly different to recreational group (p = 0.018)
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